This study aimed to determine whether functional disturbances in fronto-striatal control circuits characterize adolescents with Bulimia Nervosa (BN) spectrum eating disorders regardless of clinical severity. FMRI was used to assess conflict-related brain activations during performance of a Simon task in two samples of adolescents with BN symptoms compared with healthy adolescents. The BN samples differed in the severity of their clinical presentation, illness duration and age. Multivoxel pattern analyses (MVPAs) based on machine learning were used to determine whether patterns of fronto-striatal activation characterized adolescents with BN spectrum disorders regardless of clinical severity, and whether accurate classification of less symptomatic adolescents (subthreshold BN; SBN) could be achieved based on patterns of activation in adolescents who met DSM5 criteria for BN. MVPA classification analyses revealed that both BN and SBN adolescents could be accurately discriminated from healthy adolescents based on fronto-striatal activation. Notably, the patterns detected in more severely ill BN compared with healthy adolescents accurately discriminated less symptomatic SBN from healthy adolescents. Deficient activation of fronto-striatal circuits can characterize BN early in its course, when clinical presentations are less severe, perhaps pointing to circuit-based disturbances as useful biomarker or risk factor for the disorder, and a tool for understanding its developmental trajectory, as well as the development of early interventions.
correct responses to incongruent stimuli (i.e., the resolution of cognitive conflict, Marsh et al., 2011; Marsh et al., 2009) . In contrast to their healthy counterparts, adults with BN show reduced activation in bilateral inferior frontal gyrus (IFG), dorsal striatum and anterior cingulate cortex (ACC) during correct responding to incongruent stimuli, and greater reductions with more severe BN symptoms (Marsh et al., 2009 ). In addition, adolescents with BN also show reduced conflictrelated activation in these fronto-striatal regions during the resolution of conflict and, particularly, during the resolution of maximal conflict (i.e., post-congruent conflict: incongruent stimuli preceded by congruent stimuli; Marsh et al, 2011) . Unclear is whether these functional deficits within fronto-striatal circuits are markers of BN that characterize less severe clinical presentations of BN during adolescence.
Using the abovementioned fMRI paradigm, we assessed whether specific patterns of fronto-striatal disturbances during the engagement of control and conflict resolution characterized BN adolescents regardless of their clinical presentations. BN adolescents were thus divided into those who met all DSM-5 criteria for BN, and those who engaged LOC eating episodes and compensatory behaviors to avoid weight gain, but met DSM-5 criteria for Other Specified Feeding or Eating Disorder (OSFED) rather than BN. Studying adolescents with this latter presentation (subthreshold BN; SBN) is novel but clinically relevant, given that the LOC over eating is more characteristic of binge-eating behavior than the amount of food consumed in adolescents (Fitzsimmons-Craft et al., 2014) . Furthermore, given that a substantial portion of adolescents with SBN eventually progress to BN (Stice, Marti, & Rohde, 2013) , identifying markers common to threshold and SBN may provide a window for early intervention.
Given the limitations of mass-univariate approaches, which assume that activity in a given brain region occurs independently from activity in other regions (Mahmoudi, Takerkart, Regragui, Boussaoud, & Brovelli, 2012) , we used multivariate pattern analyses (MVPAs) to test the following hypotheses: (a) spatially distributed patterns of activations within fronto-striatal areas during the resolution of post-congruent conflict will accurately discriminate BN from healthy adolescents, regardless of clinical presentation (DSM5 criteria for BN or SBN), and that (b) the patterns of fronto-striatal disturbances detected in the more severely ill (BN) relative to healthy adolescents would accurately classify and therefore characterize the less severely ill adolescents (SBN) as BN spectrum relative to healthy.
| M E TH ODS

| Participants
Participants were recruited through advertisement in the community or online, and included: 44 female adolescents with BN symptoms and 40 healthy control (HC) female adolescents, matched on age, BMI, race and ethnicity. Demographics are shown in Table 1 , along with clinical ratings for the clinical groups. Participants with a history of neurological illness, past seizures, head trauma with loss of consciousness, mental retardation, developmental disorder, or current Axis I disorders (other than depressive or anxiety disorders for the clinical group) were excluded. BN symptom severity and prior histories of Anorexia Nervosa (AN) were assessed with the Eating Disorders Examination (Cooper & Fairburn, 1987) . Adolescents in the BN group (n 5 28) met DSM5 criteria for BN, engaging in an average of one objective bulimic episode (OBE) and one compensatory behavior per week over the past 3 months. Adolescents in the SBN group (n 5 16) were included if they engaged in an average of one LOC eating episode (i.e., objectively or subjectively large) and one compensatory behavior per week within the past 3 months (Fitzsimmons-Craft et al., 2014) . HC participants had no lifetime Axis I disorders. Diagnoses of BN, SBN (OSFED), and comorbid psychiatric disorders were made using the Structured Clinical Interview for DSM Disorders (First et al., 2002) for adolescents 18 years and older, and the Kiddie-Sads-Present and Lifetime Version (Kaufman et al., 1997) for those under 18 years. The DuPaul-Barkley AttentionDeficit Hyperactivity Disorder Rating Scale (DuPaul, 1991) quantified symptoms of inattention and hyperactivity. Full-scale IQs were estimated using the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1981) . Data from 12 BN, 5 SBN, and 18 HC adolescents were included in a previous fMRI study (Marsh et al., 2011) . Data from the remaining 
| fMRI paradigm
All participants completed the Simon Spatial Compatibility task, as previously described in Marsh et al. (2011) . Briefly, in each trial, participants were presented with a leftward or rightward pointing arrow that was either congruent or incongruent with their position (left or right) on the screen. Participants were instructed to respond as quickly and accurately as possible to the direction in which the arrow was pointing by pressing a button on a response box using the index finger for left and the middle finger for right. Stimulus duration was 1,300 ms, with All participants data were collected using the same scanner, equipment, sequence and protocol. Images were collected using a GE Signa 3 Tesla LC scanner (Milwaukee, WI). Functional images were acquired using a T2* sensitive, gradient-recalled, single shot, echo-planar pulse sequence We collected 140 echo-planar imaging volumes for each run. All images were preprocessed using the SPM12 (Wellcome Department of Imaging Neuroscience, London [http://www.fil.ion.ucl.ac.uk/spm/]) standard procedure. Functional images were corrected for differences in slice timing using sinc-interpolation, and head movement was corrected using a least-squares approach and a six-parameter rigid body spatial transformation. Structural data were coregistered to the functional data and segmented into tissues probability maps, bias corrects and spatially normalized to the Montreal Neurological Institute (MNI) space of 1 3 1 3 1 mm 3 voxels. Using the deformation fields of these segmented images, the functional images were subsequently spatially normalized to MNI space of and 3 3 3 3 3 mm 3 voxels. An 8-mm fullwidth/half-maximum isotropic Gaussian smoothing kernel was applied to all normalized functional images. All analyses included a temporal high-pass filter (128 s), correction for temporal autocorrelation using an autoregressive AR(1) model, and each image was scaled to have a global mean intensity of 100. essing. These events were convolved with the canonical HRF and then least-squares regression was used to estimate parameters for each independent variable for each participant. Only correct trials were included, given the limited number of incorrect trials. Runs in which a participant had >30% error rate (ER) on the task or more than a voxel of total displacement in any of the six standard motion parameters were excluded from our analyses.
| First level analyses
Because activation of fronto-striatal regions is greatest when level of conflict is maximal (i.e., when incongruent stimuli are preceded by congruent stimuli) (Horga et al., 2011) , we focused our analyses on these post-congruent trials. Parameter estimates averaged across the three runs were used to produce a post-congruent Incongruent versus post-congruent Congruent (cI-cC) contrast for each participant to access brain activation associated with the engagement of selfregulatory control and resolution of cognitive conflict, when conflict is maximal. Given that the samples included herein are not independent from those included in our previous study of adolescents with BN (Marsh et al., 2011) , replication using univariate GLM-based analyses are not the focus of this paper. Nevertheless, group level t-maps showing activation associated with the task in the whole sample (Supporting Information Figure S1 ) and with post-congruent conflict (cI-cC) within and between groups (Supporting Information Figure S2 ) are presented in the supplementary materials.
| Multi-voxel pattern analyses
We conducted MVPA in Matlab using functions from the Princeton (Eddy et al., 2008) . The SBN adolescents were also less advanced in their illness duration (p5.027), and less symptomatic, engaging in less frequent LOC eating episodes (defined as the sum of objective and subjective binge-eating episodes within the past 28 days; p 5 .001), OBEs (p < .001), and self-induced vomiting episodes (p 5 .014).
| Behavioral performance
Supporting information Table S1 presents descriptive statistics and group comparisons on task performance (RT and ER) for each condition (cC, cI, iC, and iI). On average, participants responded correctly to 95%
(SD 5 7%) of the trials. As a result, only 5% of the trials were excluded Figure   2 shows the relative contribution of each voxel within these frontostriatal regions to group classification based on classifiers trained on contrast maps from BN versus HC (left panel) and from SBN versus HC (right panel). Accuracy, sensitivity, specificity, and significance metrics are presented in Table 2 .
| Exploratory classification analyses
Classification findings within the fronto-striatal mask remained significant after excluding BN and SBN participants who were either taking SSRIs, had comorbid diagnoses of MDD, or a lifetime history of AN (Table 3) . Classification findings also remained significant after excluding participants with a comorbid anxiety disorder when cross-validating within BN versus HC and within SBN vs. HC, but not when validating in SBN versus HC the classifier trained on patterns in BN versus HC (Table 3) . Supporting Information Figure S3 shows the relative contribution of each voxel within these fronto-striatal regions to group classification based on classifiers trained on contrast maps from BN versus HC (Supporting Information Figure S3A ) and from SBN versus HC (Supporting Information Figure S3B ).
Whole-brain and regional activation patterns from BN versus HC led to accurate classification of SBN and HC participants as ill vs.
healthy with maximal accuracy in right putamen (69%, p < .001) and left ACC (65%). Accuracy, sensitivity, specificity, and significance metrics for these models are also reported in Table 4 . related activation within IFG, ACC and putamen that discriminate adolescents with BN spectrum disorders from healthy adolescents, regardless of the severity of their clinical presentation. Crucially, the patterns detected in the adolescents with the more severely ill presentation (BN) compared with healthy adolescents accurately discriminated the adolescents with less severely ill presentation (SBN) from healthy adolescents. Sample differences in age and illness duration did not affect these classification findings. Thus, we were able to classify adolescents as BN spectrum versus healthy based on patterns of activation within fronto-striatal regions despite the different clinical presentations as well as the different ages and illness durations across clinical samples.
| D ISC USSION
These findings suggest that deficient functioning of these circuits may indeed be a neurobiological marker or a risk factor for the illness.
These findings have novel research and clinical implications. In particular, these circuits may constitute promising targets for understanding the developmental trajectory of BN in future longitudinal studies, as well as for treatment selection, the prediction of treatment response, and the development of novel treatments (or additions to evidencebased treatments). For instance, our recent longitudinal findings suggest increasing engagement of fronto-striatal circuits over time in adolescents who are most resilient to persistent BN, perhaps pointing to a compensatory mechanism that permits the regulation of eating behaviors over development (Cyr et al., in press ). As such, noninvasive brain-based technologies, such as real-time fMRI neurofeedback, repetitive transcranial magnetic stimulation, and transcranial direct-current stimulation may be promising tools to target fronto-striatal circuits and enhance self-regulatory control over conflicting drives to binge-eat and remain thin (Dunlop et al., 2015; Lapenta, Sierve, de Macedo, Fregni, & Boggio 2014; Ochsner, Silvers, & Buhle, 2012) . Future studies should also examine whether fronto-striatal abnormalities can predict response to empirically supported therapeutic approaches such as cognitive or dialectic behavioral therapy, and how the integrity of frontostriatal circuits may mediate the effects of therapy on specific BN symptoms.
Despite these research and clinical implications of our findings, it is worth noting that the classification accuracy was only moderate (no >73.2%). Thus, the classifier's performance could be further improved through the integration of multiple modalities (Hahn et al., 2011) , or the use of more advanced algorithms and methods that have been applied with machine learning (Kim, Calhoun, Shim, & Lee, 2016; Peng, Lin, Zhang, & Wang, 2013; Watanabe, Kessler, Scott, Angstadt, & Sripada, 2014) . Future studies should therefore expand our findings by integrating other features into a single highly selective and specific prediction or classification model of BN. Future longitudinal studies should examine prospectively whether these fronto-striatal deficits are present prior to the onset of BN symptoms, conferring vulnerability for BN spectrum disorders, or whether they arise with the onset of BN symptoms. Given that a substantial portion (over 30%) of adolescents with SBN progress to BN (Stice et al., 2013) , fronto-striatal alterations may constitute early risk markers for BN, potentially preceding the onset of BN symptoms. Alternatively, these alterations may mark specific BN symptoms rather than the disorder per se.
Pattern recognition techniques involving machine learning have already been applied to identifying biomarkers and diagnostically classifying several neurological and psychiatric disorders (Fu & Costafreda, 2013; Haubold, Peterson, & Bansal, 2012; Kloppel et al., 2012; Orru, Pettersson-Yeo, Marquand, Sartori, & Mechelli, 2012) . Recent findings showed accurate discrimination between individuals with eating disorders (AN or BN) and healthy participants based on anatomical brain Abbreviations: AN 5 anorexia nervosa; Anx 5 anxiety; BN 5 Bulimia Nervosa; CV 5 cross-validation; HC 5 healthy control; MDD 5 major depressive disorder; SBN 5 subthreshold Bulimia Nervosa; Sens 5 sensitivity; Spec 5 specificity; SSRIs 5 selective serotonin reuptake inhibitors. features (Cerasa et al., 2015) . Other data suggest that activation patterns associated with food cues in reward related brain areas can differentially diagnose individuals with BN and binge-eating disorder (Weygandt, Schaefer, Schienle, & Haynes, 2012) . These neuroimagingbased computational approaches for the identification of biomarkers offer great hope for clinical applications, from diagnosis to treatment selection and the prediction of treatment outcomes (Huys, Maia, & Frank, 2016 Thus, the presence of comorbid anxiety may have contributed to our initial findings or, alternatively, excluding these cases may have reduced our statistical power. Similarly, the pattern of voxel contribution to the classification may have been influenced, in part, by the presence of comorbid MDD, but excluding BN and SBN adolescents with this comorbidity still revealed accurate classification. Nevertheless, the heterogeneity of our study samples reflects the general population of adolescents with BN, in which the presence of comorbid anxiety and depressive disorders is common (Swanson, Crow, Le Grange, Swendsen, & Merikangas, 2011) . Third, we did not control for hunger, which can affect attentional and executive processes (Green & Rogers, 1998; Kemps, Tiggemann, & Marshall, 2005; Shaw & Tiggemann, 2004 ) and therefore confound our findings. Thus, future studies should control for satiety. Fourth, we did not account for menstrual status, which might impact neural functioning in women (Dreher et al., 2007) . However, it is unlikely that menstrual status differed systematically across adolescents in the clinical and healthy samples to confound our results.
Finally, it is worth noting that no significant group differences in task performance were detected, which may render our fMRI findings difficult to interpret (Wilkinson & Halligan, 2004) . However, the absence of behavioral group differences may also facilitate the interpretation of our fMRI classification findings. Indeed, when group performances are matched, differences in fMRI activation cannot be attributed to artifacts of differential compliance with or capacity to perform the behavioral task (Callicott et al., 2003) .
Despite these potential limitations, our study has important implications for understanding the developmental trajectory of brain functioning in BN. We showed that abnormal activation patterns associated with conflict resolution in BN spectrum disorders can be identified early in the course of the illness, in adolescents with less severe clinical presentations. Our findings also provide new support for the hypothesis that fronto-striatal disturbances constitute a useful biomarker or risk factor for BN. Future longitudinal studies are required to determine whether disturbances in these circuits precede BN, in the form of a vulnerable self-regulatory system, or instead arise with the onset of disordered eating behaviors. Such longitudinal studies are also required to understand how fronto-striatal disturbances might contribute to the persistence of BN symptoms over adolescence and adulthood. Finally, the application of machine learning-based data-driven analysis methods to psychiatric research is still in its infancy, with new and advanced techniques developing rapidly. Such techniques should be incorporated into future research aimed at replicating and extending these marker findings in BN spectrum disorders.
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